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HEAVY EIXCTRON SUPERCONDUCTIVITY: FROM lK TO 90K TO ?

C. J. Pethick* and David Pines-

Department of Physics, University of Illinois at Urbana-Champaign
1110 West Green Street
Urbana, IL 61S01, U.S.A.

INTRODUCTION

Heavy electron systems are Intermetallic compounds containing elements
with unfilled f-electron shells, such as U or Ce, which at room temperature
and above behave like a weakly interacting collection of f-electron moments
and conduction electrons with ordinary msses, while at low temperatures
the conduction electron specific heat becomes typically some hmdrcd times

(1) These highly correlated low tem-larger thsn that found in most metals.
perature states display remarkable behavior whether the system remains
normtl down to the lowest temperature measured, becomes antiferromagnetic,
or becomes superconducting. While in ordinary metallic superconductors a
dilute concentration of ~etic impurities destroys superconductivity, in
heavy electron systems superconductivity and antiferromgnetism can
coexist: a transition to either ordered state nmy be followed by a second
transition to a phase containing both states. Thus in both UPto and
URu=Sia one finds on lowering the temperature that an antiferromagnetic
transition is followed by a transition to the superconducting state, while

‘nuo.97 ‘0,03 ’13
the order of the transitions is reversed.

In this talk we shall review the experimental results and physical
argm:.r,tswhich led us to conclude that in heavy electron systems the phy-
sical mechanirm responsible for superconductivity is an attractive inter-
●ction between the heavy electrons which results from the virtual exchange

(2) In these systemstof antiferromgnetic f-e?ectron moment fluctuations.
then, the superconductivity is of purely electronic origin; the phonon-
induced interaction between electrons which leads to superconductivity in
ordinary metals plays little or no role,

From the perspective of scientists searching for high temperature
superconducting rmterials heavy electron systems thus provide both good
news and bad news. The good news is a purely electronic mechanism for

“Alsoat Nordita, Ble@amsvej 17, DK-2100 Copenhagen #, Dennmrk
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superconductivity has been discovered; hence the “phonon-barrier,” the
existence of a maximum superconducting transition temperature of -30K for

. metals In which electron-phonon interactions are responsible for super-

conductivity,
(3)

is broken; the bad news is that although the superconduc-
tivity is of non-phononic origin, the superconducting transition typically
is found only at T~ IK.

Does this always have to be the case? In the next part of this talk
we consider the possibility that the high temperature superconductors are
indeed part of the heavy electron family, albeit a collateral ~ranch in
which m.gnetic excitations are present but the carrier density is so low
that the screening of magnetic interactions by itinc;ant electrons or holes
Is negligible. Under these circumstances the coupling of charge carriers
to spin fluctuations could easily give rise to substantial carrier effec-

‘4) while the character-tive =sses of the size (-10 me) recently measured,

istic temperature for the spin-fluctuation Induced superconductivity would
be far closer to 100K than lK.

One consequence of a large effective carrier mss is a small coherence
length, go--8A;this !n turn mskes possible jntrinsiq pinning of the magne-

tic vortices in the 90K superconductors by the barium or rare earth atoms
which lie outside the copper-oxide planes, a possibility we consider
briefly in the latter part of our presentation,

PHYSICAL PICTURE

At high temperatures heavy electron systems behave like a collection
of weakly interacting f-electron moments and conduction electrons, while at
very low temperatures, so far as therrml and transport processes are con-
cerned, they behave like a system of strongly interacting itinerant elec-
trons which scatter against impurities, against low frequency f-electron
spin fluctuations, and against one another.

A physical picture of the transition between these two regimes is that.
as the temperature is lowered the local moments and conduction electrons
becmw ...~rwiand more strongly coupled. The magnetic behaviour is quenched
while the effective -as of the itinerant electrons bcomes substantially
enhanced. As a consequence of this interaction, the f-ele~~rons are no
longer confined to the mgnetic sites, but UUI hop into the conduction
band, as in the Anderson model. The itinerant heavy electron states at low
temperatures are therefor~ superpositions of localized f-electrons and corl-
duction electrons, Their quite strong interaction reflects not so much
their direct Coulomb interaction, as it does an interaction induced by
their coupling to spin fluctuations on the nsigneticsites, mnd it provides
a natural explanation for the large finite temperature corrections to the
low-temperature form of the specific heat, the strong temperature depend-
ence of the electrical resistivity and other transport coefficients, and
the appearance of superconductivity,

In the very low temperature limit the thernuiland transport properties
of heavy fermion mystems in the norml stato should be thoso expected for
heavy electron Fermi liquidn. However, in most cases exper. .ent~have not
yet been cwrled out in the ~, that is at temperatures suffi-
ciently low that ona cartneglect, in first npproximmtion, the frequency
dependence of the quaniparticle amorgisisand quasiparticle scattering mP-
litudes ●ssociated wtth the coupling of the co,~ductionelectrons to the
localized f-electrons. If we define Ocoh as the temperature below which



.

.
resistivities fall off sharply with decreasing temperature, then it is only
at temperatures T << ecoh, that one expects to observe the Landau tempera-

ture dependence of the electrical resistivity, p, the thermal resistivity,
W, and the ultrasonic attenuation coefficient a, in which the finite tem-
perature corrections to the low temperature limiting behaviour are propor-
tional to T=. Such Landau limiting behaviour is observed for IJPt=at tem-
peratures below -1.5K, while UBei= at zero pressure becomes a super-
conductor well before it reaches a temperature at which l.andau=theorywould

apply.
(5) .

.

The strong coupling between the f-electrons and the condq;tion elec-
trons which is responsible for the heavy itinerant quasiparticles gives
rise to a compensating electron cloud which alters the magnetic response of
the local moments. If magnetization were a conserved quantity then local
moments and their corresponding electron clouds would not contribute to the
long wavelength magnetic susceptibility x(T) at low temperatures; that
quantity would be entirely determined by the heavy electron quasiparticle
contribution x Becwse magnetization Is not conserved there can be a

w“
significant non-quasiparticle contribution Xloc, to K(T), which arises from

the polarization of the local momonts and their compensating clouds, that
is from virtual excitations at finite frequencies.

To see how this comes about. consider the exact expression for the

wetic susceptibility at zero temperature.

(1)

where O denotes the ground state, n an excited state, Qno the excitation

energy of the state n with respect to the ground state, and Hq is the mag-

-

netic moment operator. At long wavelengths the excited states my be
divided into two classes: i) States obtainad by destroying a quasl-
particle below the Fermi surface and creating a quasiparticle just abcve
the Fermi surface in the same band. These quasiparticle-qu.asiholepair
states have an energy of order vFq, where VF is the Fermi velocity. ii)

All other ntates, such as one containing nquaslhole in one band and a
quasiparticle in snother Lwsnd(sn ir,terbandtransition), a state containing
two or more quasiparticle-quasihole pairs, or, in the ca~e of Kundo and
similar systems, a state obtained by polarizing a localized spin and Its

compensating electron cloud, XM therefore takes the form

(2)

where the first term comes from the single pair states.(i), and tha second
from states (ii), By performing neutron scatt~ring experimentsat smll q,

m,

one can in principle distinguish between these two contributions, since the
frequencies ●ssociated with the hndau contribution all vanish fcr small q.

w

If amgnetization is conserved, Xloc vanishes at long wavelengths, This



my be seen from the
Hamiltonian,

fact that the total magnetization commutes with the

[HoMq=o]no = “no~q=o]no = 0s (3)

and therefore,

is easy to see

assuming Uno(Mq)no for q+ O tends to its Valuemat q = O, it
w m

A/ .

n .
t~t Xloc must vanish. This shows that for such systems the

Landau contribution to the susceptibility at long wavelengths-must be the
total susceptibility. ‘I%isis true for liquid ‘He: in this case themag-
netization is proportional to the spin, which ts conserved if one neglects
the nuclear dipole-dipole interaction. Conservation of ~etization also
leads to the conclusion that the magnetic moment associated with a quasi-
particle is equal to the bare moment.

In heavy fermion systems, magnetization is not conserved, due to the
existence of both spin and orbital contributions to it, and to spin-orbit

coupling. tinsequently K!oc is finite in the limit q + O. The absence of
w

magnetization conservation also means that the effective magnetic moment of
a quasiparticle is not related in a simple way to the bare moments of
either an f-electron or a conduction electron.

Inelastic neutron scattering experiments give no evidence for a com-

ponent of Im XX, the ~etic structure factor, whose frequency tends to
zero as q + O. This region is difficult to investigate directly, but the

-

fact that the contribution to XK from the frequencies which are accessible
experimentally can account for all of the measured long-wavelength suscep-

tibility to within experimental accuracy ●ggestu that K~tiu cannot con-

tribute more than 10-20% of the total.
(6)

A PHENOMENOIXXICAL DESCRIHION OF HEAVY FERMION BEHAVIOUR

Recently it has been shown that neutron ●attering results for UPt3,
GCt.1~,and UaZnt7 may k fit by a model for the spin-spin correlation
function in which fluctuations of the mgnetic moment at the f-atom site
●re coupled to thooe at other sites by an effective exchange inter-

‘7) if one assumes that all the nusgneticmoment is associated withttctlon.
electrons in f-orbitala, this laads to an expression for the wavenumber-
and frequency-dependent spin-spin correlation function of the form

(4)

where ~(u,T) describes the correlations of the spin at a single f-site,

includi”kgthn effect, of Interaction with the compensating electron cloud,
and J(q,u,T) is an effective exchange interaction which deiscribeu the

w
aoupling between spins ●t differant mites, (For simplicity we restrict
ourselves to the came where the sites of ●ll mgnetic ions are equivalent,)



in the fits to the data, J was taken to be a temperature-dependent
nearest neighbour interaction, and $was taken to be of the form

~or

‘$l=Fz* (5)

which is known to give a good description of the properties of a single
Kondo impurity. Here X. is the susceptibility of a single iotiand r is a

.
measure of the typical excitation energies for a single ion and its screen-
ing cloud, energies which lie between 50K and 250K for the sysrtemsthus far
studied; fol’an isolated impurity, r would be of order the Kondo tempera-
ture TK.

We have proposed that an expression of the form (4) provides a useful
starting point for

havior.‘2) From a
action is given by

J(q,o,T)
w

the examination of all aspects of he&y fermion be-

microscopic point of view the induced spin-spin inter-
an expression of the form

(6)

where V describes the coupling of a conduction electron-hole pair to the
local spin fluctuations described by \(u,T)~ Kn iS a reciPro=l lattice

vector, and Kc is the conduction electron-hole spin-spin response function.

As a result of the coupling, J, the characteristic energies which enter
Into the low frequency limit of X, (Eq. 4], become wavevector- and tempera-
ture-dependent, being given by

tlloc(q,T) ~ ‘E1-J(q,O,T) \(O,T)] .
- .

(7)

We argued that the presence of a second energy scale, lower than TK, is a

characteristic feature of all heavy fermion systems, and my be a necessary
condition for observing heavy fermlon behavior. Put another way, if
J\<< 1, one is likely in a weak coupling limit, and no heavy fermion be-

havior results. One the other hand if, as in U2Zn17. for some wavevector

q, and temperature T, ,~~p= 1, then an antiferromgnetic phase transition
m

‘7) have shown that this transition isoccurs. (Indeed, Broholm et al.
driven by a temperature dependent coupling, J, which below 18K increases
with decreasing temperature until it drives the antiferromgnetic transi-
tion at 9,7K.) l{orrmiand superconducting heavy fermion compounds would
seem to lie in the strong coupling regime, JXP * 1.

The coupling between the heavy quasfparticle pairs and the local spin
fluctuations gives rise to an ind~ced wavevector-, frequency- and temper-
ature-dependent, heavy electron interaction,

uind(qt@,T) = - Va _ J&&Teff x(qowoT) =
-

(8)

The matrix element, Veffo includes vertex corrections to the electron-local



GA .

momentum dependence of U(q,u,T) would arise from that of J(q,u,T). For
.

frequencies low compare~ to the characteristic frequencies which enter into
X, that interaction will be attractive between like spins and repulsive
between unlike spins; to the extent that x exhibits antiferromagnetic cor-
relations (and neutron scattering experiments suggest that this might quite
j-enerallybe the case), U (~nt q,o) will behave in similar fashipn. This

induced interaction is the physical origin of both the T= h ~ corrections
to the specific heat (where these are observed) and of the pai~ing instabi-
lity which gives rise to superconductir~ty. The proposed approach is quite
reminiscent of the electron-phonon interaction problem, with the local
moment spin fluctuation frequency-dependent susceptibility playing the role
of a phonon propagator. However, there is no reason to expect that a
Migdal theorem exists for the heavy electron local moment fluctuation
interaction. Indeed, in the present theory there is a considerable amount
of feed-back, and possible non-linear behavior, in that, for example, J
depends on Xc which in turn depends on J through electron-local moment

fluctuation coupling.

Transport coefficients depend on the behzr,iorof J at large wave-
vectors, since scattering phenomena are dominated by the coupling of heavy
electrons to large wavevector moment fluctuations. A test of this hypothe-
sis, and of the overall model, is obtained by examining the changes in the
resistivity as a function of pressure and mgnetic field, in an approach
which attributes such changes either to changes in 810C which proceed ~ la

Kondo. [e~oc(H)= ~~oc+P~ocH2]. m~m to chmges in J. Batlogg(g) has

recently found that such scaling arguments work quite well for the resisti-
vlty and magnetization of UBei= in quite large magnetic fields.

Finally, we argued that the nnss enhancement of heavy fermions arises
from their coupling to 10=1 moment fluctuations. As was the -se for
transport phenomena, the calculated state density will depend primarily on
the coupling of the conduction electrons to the large wsvevector local
moment fluctuations.

Recently Normn ‘g) has carried out a microscopic model calculation for
UPto which serves as a test of our proposed phenone,nologlcalapproach. He
has assumed that quaslparticles on a Fermi surface which is consistent with

the de-Haas van Alphen results of Taillefer et al.
(10) are coupled to

moment fluctuations whose spectra are those measured by Aeppli et al.
[7),

he finds both a ms~ enhancement and a superconducting transition temper~-
ture which are in good qualitative agreement with experiment.

Our physical picture and phenomenological description my bM rich
enough to make possible an understanding of the extraordinary, and diverse,
sensitivity of various heavy fermion physical phenomena to pressure and to
the presence of impurities. For exnmle, impurities can alter x by chang-
ing either \ and/or J. Either, or both, of these quantities my in turn

be quite senkitive to changes in density; moreover, the introduction of
impurities can give rise to local changes In density. As a result, a
natural explanation may emerge for the fact thr~tin heavy fermion systems
the thernuslexpansion, most often negative, is some four orders of magni-
tude larger than that of an ordinary metal; the observed values of mgncto-
striction exceed those of transition metals by two or more ordern of mgni-



tude, and, finally, the introduction of impurities can bring about changes
in the resistivity which can be two orders of magnitude greater than the
value obtained from an estimate based on using for the quasiparticle-
impurity scattering amplitude the ●nitarity limit in a single partial wave.

HEAVY FERMION SUPERCONDUCTIVITY

A fundamental question concerning superconductivity in heavy electron
systems is whether it Is the heavy electrons that become superconducting.
Clear evidence for the pairing of the heavy electrons Is pr~vided by
measurements which show that the jumps in the specific heat at-the transi-
tion temperature, Tc, to the superconducting phase. are comparable to the

specific heat in the normal phase.

A second fundamental question is whether the superconducting energy
gap has nodes on the Fermi surface, and, if so, what their character is.
Experimentally, no equilibrium or transport properties in the heavy fermion
superconductors exhibit the exponential behavior expected for states with a
non-zero energy gap everywhere on the Fermi surface; rather both specific
heat and transport measurements display the power-law behavior character-
istic of states with gaps which vanish at points or along lines on the
Fermi surface. Specific heat measurements at low temperature, which
reflect the density of quasiparticle states at energies of order ~T, give

direct evidence about the nodes of the gap. At low temperature, the only
quasiparticles excited will be those in the vicinity of nodes of the gap.
These states possess an energy less than ~T and lie within an angle +-T/A

of a node, where A is the maximum value of the energy gap on the Fermi
surface. A simple geometric argument shows that the density of quasi-
particles varies as Ta for nodes at points end as ‘ffor nodes on lines, and
the corresponding variation of the specific heat is as Ta and T2, respec-
tively. In this way the experimental measurement of a T=-dependence of the
specific heat for UPt3 shows that the energy gap vanishes on a line or
lines, while the T3 dependence found in UBel= is indicative of a gap which
vanishes at points. Thus heavy-fermion systems possess at least two super-
conducting states. Since UBei3 possesses cubic synsnetry,while UPt= is
hexagonal, it is possible that crystal structure plays a role in determin-
ing the nature of the superconducting state. Evidence that suggests the
possible existence of two superconducting states in a single system is pro-
vided by specific heat and critical field experiments on U1-x ThX Bei3,

where x, the concentration of Th impurities, lies between 2 and 4 percent.

A third question of interest ib where the nodes lie on the Fermi sur-
face. Infortmtion about this is contained in measurements of transport
coefficients such as accustic attenuation. In UPt3 the attenuation, a, of
transverse ultrasound propagating in the basal plane, measured by Shlvaram

at al ,(11) shows a different temperature dependence according to whether.
the sound wave is polarized in the basal plane (-T) or perpendicular to it
(@T2). ‘f’heseresulto suggest that quasiparticles move more freely In the
basal plane than perpendicular to it, which would bS consistent with a
quasiparticle gap having no?es on lines on the Fermi surface perpendicular
to the hexagonal axis. Further evidence for this behavior of the gap is

(12) whichprovided by the recent tunneling measurements of Batlogg et al.,
give no evidence for a gap when quasipartlcles are injected across crystal
faces with normals perpendicular to the hexagonal axis, but show a distinct
gap when quaniparticles are injected across faces with moments parallel to
the hexagonal axis.



A considerable amount of effort has gone into trying to understand
transport in the superconducting states. Under circumstances in which
scattering by impurities is the dominant process, as is the case in UPt3 at
temperatures of the order of Tc and lower, the temperature dependence of

the transport coefficients seems to disagree with calculations for any
anisotropic superfluid state if the scattering is treated in the Born
approximation. In this approximation the lowest order s wave scattering by
a single impurity is considered; the calculated mean free path Increase
with decreasing temperature, and one finds results for the thermal conduc-
tivity, K. end acoustic attenuation, a, which are much larger “thanthose

’13) that if one takes-into accountobserved experimentally. We have shown
the multiple scattering of quasipqrticles by impurities, and if one is near
the unitarity limit characterized by a phase shift, %/2, the mean free
path for elect~on-impurity scattering shows remarkably little dependence on
temperature, so that both a and K/T fall off with decreasing temperature,
in agreement with experiment. The transport data for UPta, including the

(11) in the attention of trans-anisotropies observed by Shivaram et al.
verse sound, can be accounted for qualitatively if. as noted above, one has
a polar state in which the superconducting gap has nodes on lines on the
Fermi surface which are parallel to the c axis of the crystal, and the mean

(14) In our calculations, we didfree path is independent of temperature.
not take pair-breaking into account. Pair-breaking effects are important
only at energies close to the gap energy, A, and at low energies, E+i/TN,

where TN is the lifetime for impurity scattering in the normal state; these

(14) Hirschfeld ethave been included in the work of Schmitt-Rink et al.,

al.,(15) and Scharnberg et al.’16) who find in numerical calculations that

withli/(7NA)-10-2, pair-breaking effects are important for polar states

only at temperatures below -(Tc/lO), in agreement with the above estinw.te.

Quite generally features around the nodes are smeared out by impurity
scattering. Evidence for this physical affect on the density of states in

the superconducting state of UBei= has been found by Ott et al.(17) *n

experimental measurements of the specific
(T~50mK); the experimental results are in

retical calculations of the state density
which the energy gap has point nodes, and
which is near the unitarity limit.

heat at low temperatures
excellent agreement with theo-

which assume an axial state, in
electron impurity scattering

There can be little doubt that the superconducting states observed in
the heavy electron systems are unconventional, when compared to typical
metallic superconductors. While there is as yet no theoretical proof or
direct experimental demonstration that electron-phonon interactions are
essentially irrelevant to heavy fermion superconductivity, in view of the
persuasive physical arguments that the physical origin of the large masses
is the coupling of conduction electrons to the local moment fluctuations,
and that the virtual exchange of such spin fluctuations gives rise to an
attractive i~)teractionbetween heavy electron quasiparticles, and the model

calculation of Norman}g) it would seem overwhelmingly like)y that it is
the electron-local moment fluctuation coupling which is responsible for
heavy electron superconductivity. Whether the resulting pairing state is
“p-like” or “d-like” depends on the details of the wavevector dependence of
the effective attractive interaction, ~d present evidence clearly favors
the latter possibility.



ARE THE HIGH TEMPERATURE SUPERCIX’Il~ORS A BRANCH OF THE HEAVY ELIXXRON
FAMILY?

Since heavy electron systems provide us with a new mechanism for
superconductivity and new pairing states in metals, it is natural to
inquire whether the physical origin of superconductivity in the ceramic
oxides is similar; thus does superconductivity in these systems arise from
an attractive interaction between electrons or holes induced by their
coupling to spin fluctuations excitations, and are these superconductors
another branch of the heavy electron family? Models in which spin fluc-
tuations induce superconductivity have been proposed by a number of

authors,(18) while the detection of.antiferromagnetic ordering in La2C!u04_y

for non-zero values of y,
(19)

provides support for this hypothesis. The

(4) of itiner~t ~rrier masses of the order of tenvery recent measurement
times the bare electron mass in YBa2CU307 makes the family resemblance to
heavy electron systems still more striking. Quite generally in the highTc

superconductors, the copper-oxide planes represent a promising source of
spin fluctuations, while if the itinerant carriers belong to a distinct,
but nearby (in energy) band, the basic physics would be remarkably similar,
with a spin-fluctuation induced interaction being responsible for both the
heavy carrier mass and superconductivity; it is also possible that the

‘4) and spin fluctuations arecarriers, which are hole-like for YBa2CUa07,
excitations which belong to the same band.

The reason, then, that one achieves high superconducting temperatures
in the ceramic oxides is that the itinerant carrier density is so small
that the induced spin-spin interaction, J, of Eqtn. (6), plays almost no
roJ~; rather the megnetic behavior is associated with exchange interactions
between spins on nearest neighbor and next nearest neighbor sites, and
their scale is set by the Neel temperature for the copper-oxide layers:
since this temperature can be of the order of room temperature, super-
conductivity at high temperatures can easily result. Put another way, what
spoils the chances for high Tc in the heavy electron systems is that the

conduction electrons are sufficiently dense to screen the f-electron
moments, so that the scale over which the heavy electron interaction can be
attractive is one or two orders of magnitude smaller than the Curie-Weiss
temperature; that same phenomenon is responsible for the fact that the Neel
temperatures in heavy electron systems are ~ 20K, rather than being com-

Wrable to or greater than room temperature. Since spin-orbit coupling
effects are smll in the ceramic oxides, the itinerant carrier long wave-
length nsignetlcsusceptibility will be of the Pauli-Landau type, and will
contain no local moment contributions.

It is worth remarking that the measured low itinerant carrier densi-

ties in the ceramic oxides (n- 3 x 10=1 cm‘3) correspond to values of rs -

8, where rs is the Interelectron spacim~ divided by the Bohr radius. AS rs

increases beyond its values at ordinary metallic densities (rs~3) the Fermi

liquid parameter Foa, associated with direct Coulomb correlations, becomes

‘20); thus at rs x 8, direct Coulomb correlationsincreasingly negative

favor both the inferred substantial exchange enhancement of the Paull

(21) ~d p state or d-state superconductivetY,mgnetic susceptibility,

depending on the wavevector dependence of that static susceptibility.
(2,22)



It is possible therefore that direct Coulomb correlations act to enhance
the spin-fluctuation-induced interactions associated with the copper-oxide
layers, and so further increase the superconducting transition tempera-
tures.

In comon with the plasmon-exchange and exciton-exchange mechanisms,
the spin-fluctuation mechanism provides a natural explanation for the

*
observed absence of an isotope effect in ~&@T and EuBa2Cu=07.(23)

Unlike the above mechanisms, it also provides a natural explanation for the
extreme sensitivity of the copper-oxide superconductors to substitutions
for the copper ions. Such substitutions, it may be argued, czinchange
dramatically the nature of the spin fluctuation excitation in the copper-
oxide layers, and easily destroy superconductivity, while it is difficult
to see why these substitutions would affect the exchange of virtual
plasmons or excitons between carriers, and hence affect any superconduc-
tivity arising from that exchange. Spin-fluctuation exchange mechanisms
will tend to give rise to energy gaps with nodes, and at present there is

(24) It ~S possible that it isno direct evidence for such gap behavior.
there, but masked by the influence of anisotropy and/or scattering: if so,
transport and specific heat experiments on single crystals may be expected
to probe gap structure, if any exists. Finally, we note that for spin-
fluctuation mechanisms, the maximum temperature for a superconducting
transition will be of order the !feeltemperature, TN, as has been noted by

deGennes;
(18)

materials with an underlying large Neel temperature, or large
energy spin fluctuations, and low carrier concentrations would appear to be
promising candidates for superconductors with transition temperatures weil
in excess of 90K; hence the question-mrk in our title.

Much theoretical and experimental work will be required to test the
spin fluctuation mechanism for ceramic oxide superconductivity. To cite
but two eqles, inelastic neutron scattering experiments on single
crystals will test whether the superconducting materials possess spin
fluctuation excitations of the desired character, while the two-dimensional
character of the layers, snd anisotropic effects more generally, maY well
play a special role. It took some three years of intensive experimental
and theoretical investigations for the heavy electron comunity to arrive
at a consensus on the physical picture we have set forth in this article:
it would not be surprising if a comparable period of time might be required
to arrive at a comparable consensus on the new high Tc materials.

lNTRINSIC FINK PINNING IN YBa2Cu=07

The very short coherence length, fo~ 8A which Bedell et al.(%) infer

from their self-consistent analysis of experiments on both the normal and
superconducting properties of YBazCuo07, opens up the interesting possibi-
lity of intrinsic flux pinning in this material, i.e. the pinning of magne-
tic vortices to atoms in the unit cell, rather than the extrinsic pinning
to crystalline imperfections usually found in Type 11 superconductors.
Thus it appears energetically favorable for magnetic vortices to pass
through the Y and Ba atoms in the unit cell, and hence to be pinned to
these atoms. The situation resembles that found in the “other” high tem-
perature superconductors - neutron stars - in which the pinning of vortices
in the rotatirw neutron superfluid to crustal nuclei has been shown to

(26) ~ether fl~
—

explain glitches and post-glitch behavior in pulsars.
pinning in the terrestrial high temperature superconductors will correspond



to tb.eweak pinning or super-weak pinning situations encountered in neutron
stars remains to be determined. It would seem, however. that intrinsic
flt’xpinning both provides a natural explanation for the pinning effects

’24) and makes possible very substantial criti-observed by Harshman et al.
cal currents in directions parallel to the copper-oxide planes in single
crystal defect-free B2CU=07. One would expect that intrinsic pinning
phenomena will be highly anisotropic, and there is the further intriguing
possibility that although the superconductivity of the 90K su~rconductors
is not affected by the substitution of various rare earth Imptq-itiesfor Y,
the resulting pinning phenomena and critical currents might be.substan-
tially influenced.
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